INTRODUCTION {#SEC1}
============

The ribosome is a large molecular machine performing protein synthesis, 'translation,' in all living cells. During translation\'s elongation cycle, amino-acids are incorporated into a growing polypeptide chain through aminoacylated transfer RNAs (tRNAs) thanks to the decoding of mRNA codons. After each amino acid is added to the nascent peptide chain, the ribosome carries a peptidyl-tRNA at the aminoacyl A-site and a deacylated tRNA at the peptidyl P-site. In the next step, mRNA moves one codon length and the P- and A-site tRNA shift to the exit (E) and P-sites, respectively. In bacteria, this universal step of 'translocation' is catalyzed by elongation factor G (EF-G) ([@B1]). EF-G is a large GTPase protein made up of five distinct domains. The N-terminus (domains I and II) is separated from the C one (domains III, IV and V), and a significant hinge-like joint motion probably occurs between the two ([@B2]). EF-G is structurally similar to the ternary complex made by EF-Tu with the incoming tRNA and guanosine 5′-triphosphate (GTP), with the third EF-G domain mimicking the acceptor arm and the fourth mimicking the tRNA anticodon stem-loop (ASL) ([@B3]). Translocation is divided into several small intermediate steps that permit a gradual shifting in tRNAs positioning ([@B4]). Just after peptidyl transfer, tRNAs are in what is called the pre-translocation (PRE) state, a classic A/A and P/P state. Then a reversible 7° rotation of one ribosomal subunit relative to the other (ratcheting) allows for movement of the tRNA into the large subunit from A- to P-, and from P- to E sites, leading to the occupancy of the A/P and P/E hybrid sites. EF-G binding to a PRE-state ribosome stabilizes the rotated state and triggers GTP hydrolysis ([@B5]). An internal 18° swiveling of the head relative to the small subunit body then leads to the final post-translocation state (POST), wherein only one tRNA is bound to the P-site and the E-site tRNA is released ([@B4],[@B6],[@B7]). Several structures of ribosomal EF-G complexes were recently determined by X-ray or cryo-electron microscopy (cryo-EM). These yielded an accurate understanding of EF-G interactions and how they adjust with the ribosome along the translocation pathway between the PRE and POST states ([@B3],[@B5],[@B8]). So far, these detailed structures have been based on trapping EF-G in the ribosome via non-hydrolyzable GTP analogs, specific inhibitors (e.g. fusidic acid (FA), thiostrepton, viomycin and dityromycin) or a mutated form of EF-G. However, the use of these inhibitory conditions may have prevented the formation of relevant intermediate states. To explore how unobstructed EF-G acts in the ribosome, we performed experiments in the presence of natural GTP. To limit extensive release of EF-G from the ribosome after GTP hydrolysis, we increased the EF-G/ribosome molecular ratio and used a non-productive translation complex stalled on a truncated mRNA. In such a situation ([@B15]), EF-G must leave the vacant decoding site after GTP hydrolysis ([@B16]) without triggering translocation, to avoid competition with rescue systems. We identify here how EF-G interacts with stalled ribosomes. The 3.8 Å structure presented (Figure [1A](#F1){ref-type="fig"} and [Supplementary Figures S1 and S2](#sup1){ref-type="supplementary-material"}) reveals a hitherto unseen large motion of the EF-G's domain III. It indicates how EFG leaves the ribosome after GTP hydrolysis and clarifies the molecular mechanism behind FA antibiotic activity.

![Overview of the EF-G-rotated ribosome complex and positioning of tRNA in the pe/E hybrid state. (**A**) Overall view of EF-G in the ribosome. The 50S subunit is blue, the 30S subunit is gold, tRNA is orange and the five (I--V) domains of EF-G are purple, blue, green, yellow and red, respectively. (**B**) Rotation of the 30S subunit relative to the 50S one in the EF-G complex. As compared to the non-rotated (PDB accession code: 4V51) 30S subunit (cyan), in this structure 30S (red) shows a 5° counter-clockwise rotation of the 30S body and a 5° orthogonal swiveling of the head toward the L1 stalk. The two structures are aligned on 23S rRNA. (**C**) Local fit of EF-G·GDP atomic model in the cryo-EM density map. The EF-G domain colors are as per (A). (**D**) Relative position of the current tRNA (indicated by an asterisk) with respect to P, pe and E tRNA states. The P-site is green, the pe state is blue, the current tRNA is orange and the E-site is white. The P- and E-site tRNA are from Gao *et al.* ([@B8]) (PDB accession code: 4V5F) while the pe state is from Zhou *et al.* ([@B10]) (PDB accession code: 4V9L). The distances between the current ASL and the P, pe and E ASLs are indicated. The structures were aligned using the 16S rRNA helix 44.](gky081fig1){#F1}

MATERIALS AND METHODS {#SEC2}
=====================

Preparation of EF-G-bound ribosomes {#SEC2-1}
-----------------------------------

*Thermus thermophilus* ribosomes were a kind gift from V. Ramakrishnan. His-tagged EF-G from *T. thermophilus* and His-tagged phenylalanine-tRNA synthetase (PheRS) from *Escherichia coli* were overexpressed in *E. coli* BL21 (DE3) using a T7 expression system and then isolated using Ni^2+^ pre-charged HiTrap chelating columns according to the manufacturer\'s instructions (GE Healthcare) ([@B17]). All protein concentrations were measured on a SimpliNano spectrophotometer (GE Healthcare). Phenylalanine-specific *E. coli* tRNA was purchased from Sigma. Aminoacylation was performed by incubating 1 μM tRNA at 37°C for 30 min in 50 mM HEPES-KOH (pH 7.5), 60 mM NH~4~Cl, 7 mM MgCl~2~, 0.1 mM ethylenediaminetetraacetic acid (EDTA), 2 mM ATP, 30 μM phenylalanine and 1 μM PheRS. Stalled ribosomes were obtained by incubating 1 μM 70S ribosomes with 2 μM *E. coli* aminoacylated tRNAPhe and 2 μM mRNA with the **AGGAGG**UGAGGU[UUU]{.ul} sequence containing a Shine-Dalgarno sequence and a phenylalanine codon (underlined), for 30 min at 37°C in buffer III made of 5 mM HEPES-KOH (pH 7.5), 10 mM NH~4~Cl, 10 mM MgOAc, 50 mM KCl, 0.1 mM EDTA and 6 mM β-mercaptoethanol. The final complexes were obtained by putting 1 μM of stalled ribosomes and 20 μM of EF-G with 2 mM GTP and mixing for 15 min at 42°C.

Cryo-electron microscopy {#SEC2-2}
------------------------

After dilution of 150 nM ribosomes in buffer III, 2 μl of each complex was applied to glow-discharged holey carbon grids (Quantifoil R2/2) and flash-frozen in liquid ethane using a Vitrobot Mark III (FEI). The grids were then transferred to a CS-corrected Titan Krios electron microscope (FEI), operated at 300 kV. Using FEI EPU software, images were automatically recorded on a Falcon II direct electron detector. This was set to a nominal magnification of 59 000 X, corresponding to a calibrated pixel size of 1, 162 Å/pixel and with a defocus range of −1.5 to −3.0 μm. The images were acquired in movie mode at 7 frames per exposure (1 s). The original image stacks were corrected for drift and beam-induced motion and summed using the optical flow approach ([@B18]) accessed through Scipion ([@B19]). The contrast transfer function parameters and defocus values for each micrograph were determined using CTFFIND 4 ([@B20]). EMAN2 ([@B21]) e2boxer software was used for semi-automatic particle picking, and all subsequent steps used RELION (version 1.4) ([@B22]). A total of 96 509 particles were extracted from 949 micrographs. Particles were split into height classes during the first round of 3D classification, with a map of the mature 70S ribosome (low-pass filtered to 60 Å) as the initial model. Based on the presence of EF-G, three classes were combined for a total of 61 404 particles, reflecting the rather high occupancy of EF-G on stalled ribosomes. To boost the resolution, Relion's particle polishing procedure was applied. After 3D auto-refinement and post-processing, this yielded a 3.7 Å map at a gold-standard Fourier shell correlation (FSC) of 0.143 with fuzzy densities for EF-G domains III and IV. To further improve the quality of the map, the theoretical pixel size was re-assessed by calculating the cross-correlation between our map and an X-ray structure of the ribosome with EF-G trapped in the post-translocational state (PDB accession code: 4V5F). This led to a readjustment of the pixel size from 1.162 to 1.103 Å/pixel. The defocus values for each micrograph were re-calculated, and the 3D auto-refinement and post processing were re-performed on the 61 404-particle subset, leading to an improved density map with a resolution of 3.5 Å. To get around the structural heterogeneity, we then performed a focused classification on EF-G, subtracting the signal from the rest of the complex ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}) ([@B23]). The best 30, 000 particles produced a density map with better definition of EF-G domains III and IV. The refined maps were corrected for the detector's modulation transfer function, and the high spatial frequencies were boosted using B-factor sharpening ([@B24]), resulting in a 3.8 Å density map. The local resolution map was estimated using ResMap ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}) ([@B25]). The initial modeling template used was the crystal structure of the *T. thermophilus* EF-G-ribosome complex in a PRE ribosome (PDB accession code: 4V90).The models of the 16S, 23S and 5S rRNA, tRNA, mRNA and the ribosomal proteins were docked separately on the density map by hand using UCSF Chimera ([@B26]). We then improved the atomic model by real-space refinement in PHENIX ([@B27]) against the density map, with secondary structure and geometry constraints applied. Alternating rounds of manual model adjustment using Coot ([@B28]) and model real space refinement using PHENIX ([@B29]) were then carried out. Finally the RNA atomic model was adjusted using ERRASER ([@B30]) and a final real space refinement was performed. To avoid overfitting, different density map weights were tested during the refinement procedure and a .75 coefficient was chosen to balance good geometry and small differences between FSC~work~ and FSC~test~ and good fits to the density. Cross-validation against overfitting was performed as previously described ([@B31],[@B32]). To do this, the positions of the atoms in the atomic model were first randomly shifted by 0.5Å. The model was then refined against a map recreated from half of the data produced by RELION during the final high-resolution structural refinement iteration. The absence of overfitting was verified by comparing the FSC of our model and the two half maps. The statistics of the final model were evaluated using MolProbity ([@B33]).

RESULTS AND DISCUSSION {#SEC3}
======================

Our single-particle cryo-EM reconstruction clearly shows extra densities for P-site tRNA and EF-G (Figure [1A](#F1){ref-type="fig"}). Compared to the classic ribosomal state ([@B34]), the 30S body is rotated slightly counterclockwise by ∼5° with respect to the 50S subunit (Figure [1B](#F1){ref-type="fig"}). This ratchet movement is lower than the 7° usually observed in PRE state ribosomes, but similar to that previously observed for complexes in intermediate POST states. This suggests a back-ratcheting of the 30S body after GTP hydrolysis but before complete translocation ([@B6],[@B10],[@B35]). The 30S head is also swiveled, but by only about 5° (Figure [1B](#F1){ref-type="fig"}). This rather short swiveling may reflect the start of the partial back-swiveling movement of the head as tRNA transits from the hybrid P/E state to the classic E/E one. As a result of 30S ratcheting, the P-site tRNA moves to an intermediate hybrid state between the ribosomal P- and E-sites. To better identify the position of the ASL with respect to these sites, we first aligned the small subunit's helix 44 to compare our structure with tRNA bound in intermediate PRE or POST states ([@B8],[@B10]) (Figure [1C](#F1){ref-type="fig"}). This showed that in our structure the ASL is positioned in a chimeric 'pe' state, meaning that it interacts with parts of the 30S P-site head and E-site platform. More precisely, the ASL is positioned 5.7 Å downstream from a canonical P-site ASL and 16.9 Å upstream from a canonical E-site one ([@B8]). This disposition resembles the structure recently described by Zhou *et al.* ([@B10]) in the presence of FA or GDPNP non-hydrolyzable analog of GTP. On the other hand, the acceptor stem has reached the E-site of the 50S subunit, explaining the absence of density accounting for the amino acid side chain on the tRNA. Concomitantly, the L1 stalk has moved inward into an intermediate conformation to interact with the tRNA's elbow ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). These interactions allow L1 to chaperone the p/E tRNA as it translocates to the E/E conformation ([@B11]). Since the structure contains only a single tRNA, it is not a real translocation intermediate. However, our data provides insights into a late translocation step. The ribosome present a small 5° intersubunit rotation and a 5° swiveling of the 30S head. The deacylated tRNA is trapped in a late intermediate pe/E translocation state, just prior to EF-G·GDP dissociation.

In our structure, the EF-G density is well-defined and all five domains were easily attributed. Domains I, II and V are stable and well-resolved, allowing for an accurate atomic reconstruction (Figure [1d](#F1){ref-type="fig"} and [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). On the other hand, domains III and IV are highly flexible and required the use of masked classification with residual signal subtraction in order to unambiguously attribute their electron densities ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). The overall conformations and positions of domains I and II are very similar to that of previously-reported structures, in both PRE and POST states. Domain I is the GTPase active site of EF-G and contains switches I and II, two mobile elements that are essential for EF-G's unidirectional cycle during protein synthesis ([@B16],[@B36]). In our map, switch I (amino acids 38--64) is disordered ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}), a feature which is characteristic of EF-G after GTP hydrolysis into guanosine diphosphate (GDP) ([@B3]). Accordingly, the distinct density within the EF-G catalytic center correctly accommodates a GDP nucleotide molecule, but even at a high threshold it is too small for GTP ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). The complex therefore looks like EF-G after GTP hydrolysis, including an intersubunit rotation and 30S subunit head swiveling, as well as having pe/E tRNA positioned close to the L1 stalk.

The switch II loop (amino acids 84--107) is one of the most stable EF-G elements in our complex ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). The loop has moved away from the catalytic site to join domain III, and this conformation differs from all of the known structures of EF-G ribosomal complexes (Figure [2](#F2){ref-type="fig"} and [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). Due to a large motion of the third domain (see below), the Phe90 found in the tip of switch II is positioned to interact with Arg465 or the neighboring residues in the B3 helix (the resolution of the map does not allow unambiguous side chain modeling for this part of domain III). The switch II shift is similar to that encountered in the crystal structure of the free EF-G·GDP (PDB accession code: 2BM0), confirming that the factor is frozen in a post-GTP hydrolysis conformation. However, the interaction with the B3 helix is not seen in the free EF-G·GDP in solution ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}) as the domain III, IV and V are folded on the domain I and II.

![Interactions between EF-G switch II and domain III, and movement of this domain away from ribosomal protein uS12. (**A**) Overall view of EF-G, with the five (I--V) domains colored in purple, blue, green, yellow and red, respectively, and the switch II in orange. (**B**) Focus on the interaction between switch II (orange) and domain III (green). The local mesh volume shows the interaction between phenylalanine 90 (F90) and arginine 465 (R465) and its neighboring residues. (**C**) Superposition of the structure of EF-G in a classic 70S ribosome translocation intermediate state trapped with FA (gray: PDB accession code: 4V9L) and our EF-G model. Ribosomal protein uS12 is brown. The two EF-G structures are aligned on EF-G domains I and II. (**D**) Details of the domain III movement as it relates to ribosomal protein uS12. The third domain undergoes an 18° movement (black arrow) toward domain V, leading to a loss of interaction with uS12.](gky081fig2){#F2}

Domain III is critical for EF-G activity, as its deletion impairs GTP hydrolysis and translocation ([@B5],[@B37]). Among the EF-G domains in our structure, it is the least well-defined, suggesting its dynamic nature ([Supplementary Figures S1 and 2](#sup1){ref-type="supplementary-material"}). In comparison with the PRE state, domain III has moved toward domain V in a large motion of about 18 Å. This moves domain III away from uS12, the only ribosomal protein located near the decoding site (Figure [2](#F2){ref-type="fig"} and [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). It also allows new interactions to occur between domain III helix B3 (arginine 465 and neighboring residues) and switch II phenylalanine 90 (Figure [2](#F2){ref-type="fig"}). These data suggest that domain III is not part of a rigid body composed of domains III--V, but is instead subjected to large rotations during translocation ([Supplementary Movies S1 and 2](#sup1){ref-type="supplementary-material"}). While this motion has never been described in structural studies, it has been suggested as a result of chemical crosslinking and single-molecule polarized fluorescence microscopy examinations of normal translocation (i.e. without blockers that might freeze the EF-G conformation) ([@B38],[@B39]). Our study shows the movement observed after GTP hydrolysis and before EF-G release, confirming that domain III can cause the subsequent movement of mRNA and tRNA ([@B5]). Unlike domain III, domain V does not undergo a large motion, although it is slightly pushed toward protein L11.

The fourth domain establishes close contact with the decoding site on the small 30S subunit thus is critical for translocation catalysis. The decoding site cannot simultaneously bind tRNA and a translation factor, so obviously EF-G, and particularly domain IV, undergoes structural rearrangements during translocation ([@B14],[@B40]). Despite the absence of a codon, this domain fully occupies the decoding center in a similar location as in ribosome with elongation factor G trapped in the post translocational state ([@B8]), with loop I at the tip of domain IV extending toward the P-site to make contact with pe/E tRNA. Within helix 44, there is no deep remodeling of nucleotides G530, A1492 and A1493, as occurs during ribosomal tRNA selection ([@B41]). Thus this domain cannot directly interact with these nucleotides (Figure [3](#F3){ref-type="fig"}) as it does during canonical translocation ([@B13]). This implies that EF-G detects the presence or absence of codon-anticodon interactions within the A-site by sampling the positions of these nucleotides. Our results also confirm that the molecular clamp formed by these bases is necessary for triggering translocation, but not for EF-G binding and GTP hydrolysis ([@B42]), which are instead found to be due to EF-G flanking restrictions imposed by the III and V domains in the rotated ribosome ([@B5]).

![Comparison of the presented structure's decoding center with the structures of empty 30S, tRNA-EF-Tu and PRE state EF-G. Detailed interactions of EF-G domain IV with the universally conserved G530, A1492 and A1493 16S rRNA bases (red) and mRNA (cyan). (**A**) The empty 30S subunit, without tRNA in its A-site (PDB accession code: 1J5E). (**B**) The presented structure showing E579 and M580 (blue) at the tip of EF-G domain IV (yellow). (**C**) The canonical tRNA (yellow with anticodon in blue) that decodes mRNA in the A-site (PDB accession code: 4V87). (**D**) The EF-G (yellow and E579 and M580 in blue) in a classic 70S ribosome translocation intermediate state trapped with FA (PDB accession code: 4V9L).](gky081fig3){#F3}

According to various structures bound to FA, the antibiotic bonds occur between domains II and III, preventing conformational changes in EF-G that are required for its release from the ribosome after GTP hydrolysis ([@B8],[@B10],[@B12]). In our map, obtained without FA, domains I and III are linked through a hitherto unseen interaction between helix B3 (arginine 465 and neighboring residues) and phenylalanine 90 (Figures [2](#F2){ref-type="fig"} and [4](#F4){ref-type="fig"}). We can therefore assume that after GTP hydrolysis, switch I disorganization causes the release of domain III, which then changes conformation. This movement allows new interactions to occur between domain III and switch II, triggering EF-G·GDP release from the ribosome ([Supplementary movies S1 and 2](#sup1){ref-type="supplementary-material"}). However, after GTP hydrolysis, FA replaces the switch I position on domain III and prevents binding of R465-F90 amino acids. As a consequence, EF-G preserves a 'GTP-like' conformation and stays within the ribosome. This is in line with previous work showing that FA overlaps residues in the conserved core of switch loop I ([@B10]), and that the antibiotic interacts with both arginine 465 and phenylalanine 90 ([@B8]). Consequently, mutation of these residues is known to confer FA resistance ([@B43]), and most FA-resistant EF-G mutations have altered switch II or domain III properties including these two amino acids ([@B43],[@B44]).

![Overview of the structural mechanism of FA. (**A**) Structure of EF-G in a 70S ribosome translocation intermediate state trapped with GDPNP (PDB accession code: 4V9K), showing the switch I loop (yellow), the switch II (orange) and GDPNP (cyan). (**B**) In the 70S ribosome translocation intermediate state trapped with FA (PDB accession code: 4V9L), switch I is disordered and replaced by FA (yellow) and GDPNP is replaced by GDP (cyan). (**C**) Position modifications of domain III and switch II in the current structure without GDPNP or FA. GDP is cyan, switch II is orange and EF-G domain I, II, III and V are in purple, blue, green and red respectively. The key residues phenylalanine 90 (F90) and arginine 465 (R465) are always in orange and green, respectively.](gky081fig4){#F4}

CONCLUSION {#SEC4}
==========

Together, our data have provided an atomic model of EF-G·GDP bound to a rotated ribosomal state. The tRNA is in a chimeric intermediate pe/E state between the P/E and E/E ones, close to the L1 stalk of the large ribosomal subunit. Although our complex is not a real translocation intermediate because of a single deacylated tRNA it provides insights into the late translocation steps, just prior to EF-G·GDP recycling. The absence of translocation blockers allows for the first visualization of a large motion of EF-G's domain III, a shift which leads to the movement of the switch II loop from the catalytic site to join domain III. This conformational change occurs before the complete translocation of the tRNA from the P- to the E-site, and could therefore act as the facilitator for that final movement. The interaction between Phe90 with Arg465 or the neighboring residues in the domain III rationalizes the effect of FA in stabilizing EF-G binding to the ribosome. It explains how the antibiotic FA stops this conformational change and thus prevents EF-G release after GTP hydrolysis.
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